A comprehensive investigation on the formation mechanism of gold nanoparticles (AuNPs) in colloidal mixture obtained from the reduction of chloroauric acid (HAuCl 4 ) solution using a single reducing agent (sodium citrate; process-I), (tannic acid; process-II), and a combination of two reducing agents (sodium citrate plus tannic acid; process-III) is reported. The growth steps at different time intervals during synthesis of colloidal AuNPs were monitored in situ and ex situ using various methods for all the three processes. The measurement of changes in the surface plasmon band position of colloidal AuNPs, along with dynamic light scattering results gave important information for the first assessing of particle size, shape and distribution. Besides, the size and morphological changes at different stages during different processes were also analyzed by transmission electron microscopy. The final Au particles of processes-I & II exhibited different shapes (spherical and nanowires) with particle size and nano wire diameter of 12 nm and 17 nm, respectively. Nevertheless, combination of two reductants (process-III) surprisingly leads to drastically reduced size (ca. 3 nm) with spherical morphology compared to their parent solutions with either of single reducing agent. This result clearly indicates that the combination of reductants has a significant influence on the particle size, morphology and formation mechanism.
Introduction
Metal nanoparticles (NPs) have been the subject of extensive research in recent times due to their fascinating size-dependent electrical, optical, physical and chemical properties [1] [2] [3] . In particular, colloidal gold nanoparticles (AuNPs) have attracted increasing research attention in the field of nanocatalysis [4] [5] [6] [7] [8] . Since the properties of AuNPs strongly depend on their size, size distribution and shape [9, 10] . Many studies on colloidal AuNPs have been focused on the control of their morphology, which also directly correlates to the catalytic activity [11] [12] .
Several approaches have been reported for the preparation of colloidal AuNPs such as conventional chemical reduction [13] , radiation chemical reduction [14] , and photochemical reduction [15] . The most simple and widely used method to synthesize colloidal AuNPs is the reduction of chloroauric acid (HAuCl4) with sodium citrate, a method pioneered by Turkevich et al. [16] . Ingeneral, such type of preparation method involves the formation of NPs mainly in three different stages such as 1) an initial step of reduction process of ionic Au 3+ species, 2) a second step of formation of nuclei, and 3) a third step of particle growth. The first and second steps are somewhat difficult to identify due to the involvement of ionic species during synthesis while the third step can easily be detected due to the growth process of the particles. La Mer firstly reported the formation process of mono-dispersed particles [17] . This model showed that formation of seed occurred, which then proceeds by its successive growth of the particles. In addition, Chow and Zukoski [18] investigated the formation mechanism of particles at different conditions and proposed that aggregation of nanocrystals occurred at low reaction temperatures. A mechanism proposed by Watzky and Finke [18] showed that the nucleation process was rather slow, which resulted in nearly monodisperse size distribution. Among several proposals, the most accepted mechanism suggests a two-step process, i.e. nucleation followed by successive growth of particles. It was also reported elsewhere [19, 20] that different morphologies of AuNPs such as rod-like particles or polyhedrons could be obtained during the further growth of gold seed particles. In addition, the formation mechanism of colloidal particles in presence of stabilizers (i.e. probucol/polyvinylpyrrolidone (PVP)) ensuring high dispersion was also investigated [21] . A recent work presented results on the photo-reduction of gold ionic species in aqueous surfactant solutions of dodecyltrimethylammonium chloride and polyethylene glycol lauryl ether [22] . Furthermore, some theoretical studies on the growth mechanism of colloidal AuNPs were also reported [23, 24] . Even though some articles appear sporadically, systematic investigations approved with different spectroscopic and microscopic techniques, which monitor the formation growth mechanism of colloidal AuNPs, are still missing in the literature. In addition, studies on the application of two reducing agents on the size of AuNPs are very rare in the literature [25] . It is assumed that the second reductant has an additional reducing and protecting effect during colloidal gold formation as claimed elsewhere [26] . Therefore, there is a need to explore and understand the growth process of AuNPs in suspension, which certainly allows a tailor-made synthesis regarding catalytic applications. Furthermore, most of these studies listed above have used single reducing agents for AuNPs formation. To the best of our knowledge, there is not even single source of publication on exploring the growth steps of AuNPs formation at different stages of synthesis using the combination of two or more reducing agents.
Against this background, the present study is aimed at investigating the influence of combination of two reducing agents on the size, distribution and morphology of AuNPs during the formation process in colloidal mixture and compares such results with that of those obtained from the usage of single reducing agent. We further make attempts to understand the formation growth mechanism of such colloidal AuNPs in more detail. The objective is also to characterize these materials by various techniques such as UV-vis, TEM, zeta potential, and DLS for better understanding of growth process and material properties.
Experimental Section

Materials
Tetrachloroauric acid (HAuCl 4 ·3H 2 O) and tri-sodium citrate dihydrate (C 6 H 5 Na 3 O 7 ·2H 2 O; SC) were purchased from Fluka. Tannic acid (C 76 H 52 O 46 ; TA) was obtained from Sigma-Aldrich. All chemicals were used as received. All solutions were prepared with distilled water.
Experimental Procedure
Process-I (single reducing agent-SC): 0.186 mmol of 1.0 mM HAuCl 4 solution was heated in a 400 ml beaker to 60˚C. In a second vessel, 0.75 mmol of 15.0 mM SC solution was also heated to 60˚C. In a typical experiment, the solution of SC was added at once and quickly to the solution of HAuCl 4 under stirring (1000 rpm). 20 seconds after mixing, a 50 ml aliquot of the reaction mixture was assayed for characterization. The sampling procedure was repeated and aliquots were taken from the reaction mixture at different reaction intervals in the range of 0 -60 min.
Process-II (single reducing agent-TA): The same procedure and similar reaction conditions/concentrations as described above were applied except the type of reducing agent. The samples were assayed at three different time intervals such as 2, 5 and 9 sec, respectively due to fast reduction by TA as strong reducing agent.
Process-III (combination of two reducing agents-SC & TA): The same procedure and similar reaction conditions/ concentration as described above were applied. However, instead of using a single reductant, a combination of two reducing agents such as SC (7.5 mM) plus TA (7.5 mM) was used. Samples were collected at different time intervals (i.e. 2, 6 and 10 sec).
Analytical Methods
Ultraviolet-visible Spectroscopy (UV-vis): The optical properties (absorbance) of colloidal solutions were acquired with a UV-vis spectrometer (Avantes-2048, light source combined deuterium-halogen). The spectra were collected over a range of 200 -1100 nm (with an optical path length of 0.4 cm) as a function of reaction time by directly dipping the optical probe in the reaction vessel under constant stirring.
Dynamic Light Scattering (DLS): Size, size distribution and zeta potential of colloidal AuNPs were determined using DLS with Malvern Instruments Zetasizer (ZS ZEN 4003) at room temperature. Samples were assayed at defined times from the reaction and transferred to cuvette for size and size distribution analysis.
Transmission Electron Microscopy (TEM): Size analysis of colloidal AuNPs was carried out using HRTEM JEM-2100F at a voltage of 200 kV. The samples were prepared by mounting a drop of the aqueous suspension containing the AuNPs on a carbon grid, which then was placed on filter paper to absorb excess solvent. The average particle diameter and size distribution were calculated using Java image tool software (Image J), based on the data of an average of 100 -150 particles.
used in process-I led to the formation of colloidal AuNPs by the appearance of the typical ruby-red color of the final slurry. During the course of AuNPs growth, a succession of color changes in the reaction solution was observed passing from pale yellow to colorless, grey, light blue, purple, ruby and finally to red (Figure 1) . No further change in the color of the gold suspension was observed after 60 min of reduction indicating completion of reaction. This applied preparation method is similar to those reported previously [15, 26] but the aim of the present investigations was focused on comparative in-situ and ex-situ studies to understand the growth steps involved at different stages of synthesis.
First, UV-vis spectroscopy was applied as an effective method to illustrate the evolution of metallic species during the formation of colloidal metal clusters [27] . Absorbance or wavelength of Surface Plasmon (SP) band provides a measure of particles size, shape, morphology, concentration, and dielelectric medium properties [28, 29] . The in-situ measurement of SP band during the origination of AuNPs certainly provides useful information of assessing the reaction kinetics. Colloidal AuNPs are known to exhibit a strong absorption in the visible range (380 -780 nm) due to Localized Surface Plasmon Resonance (LSPR), which is caused by collective oscillations of the conduction electrons upon excitation with visible light [30] . Mie first described the theoretical basis of this behavior [31] . Besides, changes in the wavelength and bandwidth (Full Width at Half Maximum-FWHM) of this SP band depend significantly on various factors such as particle size [32, 33] , shape [34] , dielectric environment [35] , and the sign and size of the core charge [36, 37] . The formation kinetics was followed by measuring changes in the absorption bands of resulting AuNPs at the maximum absorption wavelength (λ max ). As reported elsewhere [29, 38, 39] the beginning of the reduction process. After 0.3, 1 and 5 min of reaction time, a considerable change in the color of colloidal solution could be observed by both visibly and analytically by recording the UV-vis absorption spectra, particularly in the range of 500 -550 nm. Even though, no clear SP bands were found in UV-vis spectra, the base spectrum was found to be shifted upwards. Hence, one can assume that larger flower-like Au nanocrystals were probably formed during the initial stages of the reduction, which could not exhibit any SP band in the visible range between 400 -1000 nm. Therefore, this band might be red-shifted, however, this was not detectable with our UV-vis instrument [40] . As a matter of support to this assumption, some previous reports [41, 42] also claimed that very large nanoparticles absorb and scatter light in the near-infrared and mid-infrared region of the spectrum. On the other hand, TEM could provide further hints on the formation of expected flower-like nanocrystals. To confirm such proposition, TEM analysis at different stages of reaction was also carried out and discussed below in a separate section. However, after 10 min of reaction time, a flat absorbance band with a broadening of the curve profile begins to appear. As the reaction progressed further (20 -30 min), symmetrical SP bands distinctly appeared at 550 and 540 nm, respectively. Finally, when the solution turned to ruby-red after 50 -60 min, the SP band continued to exhibit a blue-shift with a peak maximum at 528 nm, and at the same time the peak was narrowed, which is a clear indication for the formation of colloidal AuNPs. There-after, this ruby-red color remained constant over two months, indicating good stability of such gold colloids. Additionally, in good agreement with the literature, the present results revealed strong evidence that the position of the absorption band strongly depends on the size and shape of the nano-clusters [43] . As mentioned above, various steps involved during the course of AuNPs formation were also tracked by TEM, and the results are shown in Figure 3 . Here four main stages of AuNPs development were observed: 1) in the very initial stage (Figure 3(a) , after 1 min, colorless solution), the formation of large nanocrystals having flower-like morphology was observed. Individual flowerlike or flake-like nanoclusters reached sizes between 80 -100 nm with irregular shapes. Such type of AuNPs shape has also been reported elsewhere [44] . This result undeniably supports the view observed from UV-vis spectra. At initial stages of reduction, large nanocrystals were formed which might exhibit SP bands at higher wavelengths (in the region of near IR) that is beyond the scope of the detection limit (400 -1000 nm) and hence no clear bands could be detected in UV-vis spectra under this set of conditions (see Figure 2) . 2) Subsequently, wire-like networks with a smaller diameter ranging from 10 -20 nm were observed when the reaction time was prolonged to 10 min (Figure 3(b) , light blue solution). These wirelike networks exhibited a Face-Centered Cubic (FCC) lattice with distinct facets that mostly showed Au(200) lattice planes. However, such wire-like structures could not be verified again with UV-vis spectra (see Figure 2 : 10 and 20 min) but some indirect hints from the shift in the band position could be realized. Wang and co-workers [45] reported that the corresponding absorption band of gold nano-wires gave an extremely broadened band in the range of 650 -1000 nm due to the longitudinal mode of the SP absorption and depending on the aspect ratio of the nanochains. In addition, it is reported elsewhere [46] that the colloidal solution having a nanowires structure gives a blue suspension, which is in good agreement with our results. Link and El-Sayed [37, 47] also observed a strong longitudinal SP absorption band in the range of 700 -1000 nm in the case of AuNPs with cylindrical shape and various aspect ratios. Nevertheless, none of such phenomena was observed in the present experiments. 3) When the reaction solution started becoming purple after 30 min, these nano-wires began to breakdown to form NPs with a diameter ranging from 12 to 16 nm (Figure 3(c) ). 4) The final stage was observed after a period of 60 min where TEM images showed highly uniform NPs with an average diameter of 12 nm and a polyhedral, sphere-like morphology with some spherical particles exhibiting (111) and (200) lattice planes (Figure 3(d) ). Interestingly, no further change in the morphology of the particles was observed after 60 min. The large aggregates of Au flower-like nanocrystals observed in the first stage (see Figure 3(a) ) may be later separated due to the absorption of citrate ions on the surface of the gold particles, which may affect a strong repelling layer preventing the nanoparticles from coming into close contact [48] .
Furthermore, supporting investigations regarding the fo idal AuNPs with TA Add idal AuNPs were also synthesized rmation of such colloidal AuNPs were also conducted using other technique such as DLS, which provide a more direct measurement of colloidal AuNPs in solution. DLS measures the hydrodynamic diameter of particles (solvation sphere) including agglomerates. Figure 4 portrays time-resolved size distribution curves recorded by DLS during the reduction with SC over a period of 60 min. Initially, the average diameter of the gold cluster amounted to 220 nm immediately after the addition of SC to HAuCl 4 solution. When the reaction progressed, the average particle diameter rapidly decreased, indicating disaggregation of the Au nano-clusters flakes to a size of about 30 -25 nm after 10 -20 min. Finally, the smallest AuNPs with an average size of ca.13 nm appeared after 60 min. Interestingly, these small nanoparticles did not change further even after 2 hours of reaction time. This evidence well supports the observations made above by TEM analysis.
Formation of Collo (Process-II)
itionally, collo using other type of single reducing agent such as Tannic Acid (TA). OJPC within 2 sec indicating that the first stage of the reduction strates UV-vis absorption spectrum collo colloidal AuNPs ob took place. Subsequently, the solution turned from light blue to blue (5 sec), which finally transferred to dark blue within 9 sec. No further change was observed afterwards, which indicates the completion of the reaction. In addition to the physical observation of color changes at different time intervals, the corresponding changes in the morphology and size distribution was also characterized using different methods, which are reported below one after the other. Figure 5 illu idal AuNPs recorded from the suspension during the reduction process that corresponding to different reaction times (i.e. 2, 5 and 9 sec). The appearance of broad absorption band in the range from 500 to 900 nm observed after 2 sec provides indirect hints on the formation of nanowires, which is however confirmed from TEM. No further change in the plasmon band position and shape was observed even after 9 sec. However, it is interesting to note that clear changes in the color of colloidal solution were watched at different times (from yellow to dark blue). As we have described earlier on the usage of SC alone, Au nanowires showed a flat absorption pattern with a broad peak observed from 500 to 900 nm (see Figure 3(b) ). Similar such observation of broadening plasmon band when nanowires are formed is also reported elsewhere [47] . From this result, it can be speculated that the reduction of gold ions by TA is producing gold metal having nanowires morphology. Such phenomena of nanowires structure can also be found in the literature as supporting evidence [46] .
The corresponding TEM images of tained at different reaction times are shown in Figure 6 . TEM images confirmed that the gold particles are in nanowires shape. At the early stage (Figure 6(a) of Au nanowires was observed due to instability o AuNPs prepared using tannic acid, which is also confirmed using zeta potential instrument. The nanowires network remained without changes after 5 min of reaction, which corresponded to the broad absorption spectrum of gold colloids. Based on this observation, such nanowires structure was also reported in the very early stage when the gold ions reduced by SC (Figure 3(b) ).
Furthermore, the histogram obtained from DLS (not own here) depicts the evolution of gold colloids of average sizes between 16 and 45 nm vs. reaction time. Another interesting observation is that the formation process of colloidal AuNPs using TA was extremely fast, which was completed within 9 sec. Such quick reduction is expected from the stronger nature of reducing agent. At first stage, a broad size distribution with an average particle size of 35 nm was recorded in the suspension. After that, the average size was slightly decreased from 35 to 31 nm. The final stage showed a better distribution with average size of 27 nm.
Formation of Colloid
Combination of SC and TA (Processstudies were focused on the application of c bination of two reducing agents (process-III) and check their influence on the size and growth steps. The application of a mixture of SC and TA surprisingly caused an extremely faster reduction compared to SC while comparable time with that of TA when used as single reducing agent. Some changes in the color of the solution were also observed during the formation process of AuNPs using a combination of SC and TA. Such changes are shown in Figure 7 . The light yellowish solution of starting materials turned to yellow-orange immediately after the addition of the mixture of SC and TA (after 2 sec), which then turned to orange-red (6 sec), and the final colloidal solution exhibited a ruby-red color within 10 sec. The stirring of the solution was continued for another 5 min, but no further change in color was observed. Hence, it can be considered that the completion of reduction is achieved within 10 sec.
In addition, the samples were also collected at different stages of reduction and characterized by UV-Vis, TEM and DLS techniques with a view to follow the growth steps. Figure 8 shows the UV-Vis spectra monitoring the formation of AuNPs at different reaction times. Amazingly, the maximum of plasmon band position was recorded in the region of around 520 nm (even after 2 sec), which is a characteristic of the formation of AuNPs. This result points to the fact that the formation of AuNPs with spherical morphology is occurring within the very first stage (2 sec). This observation completely differs from the usage of any of single reducing agents. In the subsequent stages (6 and 10 sec), no considerable shift in the band position could be noticed, which is again an indicative of single step reduction when combination is used. To get further confirmation of UV-Vis results on the fast and one-step reduction, TEM analysis was also carried out. Interestingly, a good complementary evidence for such single step reduction could be obtained from TEM, which is described below.
TEM studies were conducted to provide the better evidence for the evolution of structure, morphology, and size of AuNPs in solution at different reaction stages. Appropriate samples were prepared by dipping a carbon grid in the colloidal mixture collected at different time intervals. Figure 9 portrays a time succession of TEM images of colloidal AuNPs at different reaction times. The corresponding particle size distributions of the respective steps were also included in this Figure. After 2 sec, monodispersed AuNPs were formed mostly with spherical morphology; however a few percentage of particles with irregular shapes were also present ( Figure  9(a) ). The particle size distributions were more or less narrowed with an average size of 6.3 nm. With increasing reaction time (6 sec), the average particle size slightly decreased from 6.3 nm to 4.9 nm (Figure 9(b) ), and finally to 3.2 nm after 10 sec (Figure 9(c) ). The size distribution obviously narrowed again at the final stage of the formation of colloidal AuNPs. No further change either in the morphology or in the size of AuNPs was noticed by TEM even after 5 min, which further supports the results of UV-Vis that the reaction was completed in short time (10 sec). Achieving such the smallest nanoparticles of 3.2 nm using the combination of two reductants is indeed the remarkable outcome of this study.
One common observation between the usages of single or combination of two reducing agents is that always bigger Au particles are formed irrespective of type of reducing agent used especially during the initial stages of reduction process, and then the size of AuNPs decreased to a minimum where the reduction is complete. Interestingly, this observation is often noticed in all investigations and is also supported by different characterization techniques. The probable reason for obtaining different morphology with smaller particles of less than 4 nm using combination of reductants (against 12 nm with SCalone and 17 nm TA alone) might be due to the hydrophobicity of ligand, charge and binding affinity to colloidal Copyright © 2012 SciRes. OJPC mixture. Possibly, this assumption is also displayed by the changes in zeta potential (ζ) values with changed reductant, which are discussed after DLS results in more detail. The formation of colloidal AuNPs produced by the combination of two reductants can also be conveniently followed by DLS measurements. The histogram ( Figure  9) shows the evolution of gold colloids of average sizes between 3.5 and 15 nm vs. reaction time. It can also be seen that the formation process of colloidal AuNPs in process-III was completed within 10 sec, which is much faster than SC (60 min) but comparable with TA (9 sec). Initially (i.e. 2 sec), after the addition of SC + TA mixture to Au 3+ solution, a broad size distribution with an average particle size of 11 nm was characterized in the suspension. After 6 sec, the average particle size slightly decreased to 9.5 nm with a more narrow size distribution, indicating that some changes in this process occurred. At final stage (after 10 sec), the mean average size of AuNPs reached 8.5 nm with a very narrow size distribution. In addition, another sample was also tested after 1 min but no further changes occurred. Overall, the difference in the average size of colloidal AuNPs formed at various reaction times is relatively small indicating that these results are in reasonable agreement with the UV-vis results where no significant change was found in the maximum wavelength of the SP bands.
In addition to UV-Vis, TEM and DLS investigation, the samples (final stage) were also characterized by zeta potential to get further insights on the stability of colloiddal AuNPs obtained from processes-I to III. The magnitude of zeta potential gives an indication of potential stability of colloid. In general, the particles with zeta potential values more positive than +30 mV or more negative than -30 mV are considered stable. On the other hand, the colloids are least stable at isoelectric point, where the zeta potential is zero. In other words, the colloids with high zeta potentials (positive or negative) are electrically stabilized while the ones with low zeta potentials tend to coagulate, i.e. a dividing line between stable and unstable colloids is usually taken at either +30 mV or -30 mV. In the present study, the ζ values are varied in the range from -17 mV to -39 mV, depending upon the type of reducing agent/process applied. Thus, the changes in the size of AuNPs are also reflected by the changes in ζ values when we move from process-I to -III. Our results showed that the process-II (TA as reductant) displayed the lowest zeta potential (-17 mV) and hence there is no force to prevent the particles coming together and floculate, which is called dispersion instability. Therefore, process-II gives the least stable AuNPs compared to others. Alternatively, the highest stability of AuNPs is obtained from process-I (i.e. SC reductant) with a ζ value of -39.3 mV. Fascinatingly, the combination (process-III) also gave not only the smallest particles of 3.2 nm but also stable particles with a ζ value of -32.4 mV. Based on these results, it can be stated that the combination of two reducing agents has a clear influence on the size and stability of AuNPs. However, the possibility of other parameters that are responsible for the formation of smaller particles during process-III cannot be ruled out. In general, various reasons can be taken into account to understand the formation of different morphologies of AuNPs such as 1) repulsive electrostatic forces, which stabilize the particles, 2) attractive electrostatic forces between non-equivalent metal particles due to charge redistribution, 3) attractive size-dependent dispersive forces between identical particles, 4) attractive dipole forces between in-plane magnetic or electric dipoles etc. However, further studies are necessary to clarify these aspects and identify the precise reasons for the formation of the smallest particles, when combination of two reductants is applied.
Comparing the effects of single reducing agent with that of combination, a few interesting observations can be made. The effects induced by the combination of redu d similar results were obtained. This fact shows th ation of cing agents are: 1) clear changes in the colour of suspensions, 2) formation of the smallest of AuNPs could be produced, which is a beneficial effect, 3) the reduction process was fast probably due to the presence of strong reducing agent (TA). This might also be useful with respect to saving time, and 4) finally the growth steps and size distribution are different when we compare the combination effects with that of individual (single) reducing agents.
To confirm these results, the synthesis and the measurements were repeated three times under identical conditions an at the formation of smaller particles and growth steps involved at different stages are quite reproducible.
Based on the above results, the different steps involved in the formation processes of colloidal AuNPs, using a single reducing agent (process-I & II), and a combin two reducing agents (process-III), can be schematically depicted in Figure 10 . This imagination is mainly based on the results of TEM analysis. In comparison, processes I, II and III, which differ considerably in particle morphology as well as growth steps involved during AuNPs formation at different stages. Process-I shows three distinct particle shapes during the reduction steps, namely: large Au flower/flake-like nanocrystals (after 1 min), wire-like networks (after 10 min), and spherical Au particles (almost polyhedrons) after 60 min. Process-II gives different steps which includes some nanocrystals (after 2 sec), nanowires structures after 5 sec which then aggregated at the end of the reaction. In contrast, such considerable differences in particle morphology could not be found in case of process-III where the reduction was achieved quickly and in a single step. In addition, single reducing agents gave bigger AuNPs (ca. 12 nm in th pend upon the nature of reductant used.
Conclusion
The present study fect of the combin formation mechanism steps and size of colloidal AuNPs in solution. At first, the mechanism of the formation of AuNPs using an individual reductant like sodium citrate and tannic acid was elucidated. The results of SC showed clear evidence of a multi-stage formation process, which includes varying morphologies of AuNPs starting from flower/flake-like nanocrystals, wire-like networks to spherical Au particles at different stages of reduction. On the other hand, application of TA also showed some similarities with that of SC particularly during the first two steps of reduction and gave more or less similar morphology. However, TA differed from SC in the final stage in three ways such as 1) exhibiting nanowire morphology, 2) agglomeration of such nanowires and 3) low stability. Interestingly, the combination of two reductants (SC plus TA, process-III) led to a significant change in the formation mechanism. The data analysis of combination revealed no indication of multiple stages of particle formation during reduction instead the formation of AuNPs occurred quickly and in a single step. The most striking feature is that the smallest gold nanoparticles (3.2 nm) could be successfully achieved during the comnoting that the results obtained from all the described techniques at various reaction time intervals showed comparable tendencies and complementary evidences. In summary, it can be said that the nature of reducing agent (either single or combination) has shown considerable influence on the size, morphology, distribution, growth steps and the stability of the formed AuNPs.
